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Abstract
Studies of chloroplast DNA variations, and several direct experimen-
tal observations, indicate the existence of recombination ability in al-
gal and higher plant plastids. However, no studies have been done of 
the biochemical pathways involved. Using a part of a cyanobacterial 
recA gene as a probe in Southern blots, we have found homologous 
sequences in total DNA from Pisum sativum and Arabidopsis thali-
ana and in a cDNA library from Arabidopsis. A cDNA was cloned 
and sequenced, and its predicted amino acid sequence is 60.7% iden-
tical to that of the cyanobacterial RecA protein. This finding is con-
sistent with our other results showing both DNA strand transfer ac-
tivity and the existence of a protein of the predicted molecular mass 
crossreactive with antibodies to Escherichia coli RecA in the stroma 
of pea chloroplasts. 
Keywords: chloroplast, recombination, recA gene, DNA damage, 
DNA repair
The observation of chloroplast DNA recombinants in somatic hy-
brids of higher plants (1), genetic studies of the inheritance of chlo-
roplast markers in several crosses of Chlamydomonas (2-4), the inte-
gration of donor DNA by homologous recombination in chloroplasts 
of transformed Chlamydomonas (5), and extensive comparative anal-
yses of chloroplast genome structure (6–9) indicate that DNA recom-
bination occurs in chloroplasts of both higher plants and green algae. 
The biochemistry of any recombinational mechanism in chloroplasts 
is completely unknown, however.
It is generally accepted that plastids originated from cyanobac-
terial progenitors, acquired by an ancestral eukaryotic cell through 
an endosymbiotic event (10, 11). Therefore it seemed probable that 
any chloroplast recombination system should be related to a eubac-
terial counterpart. In Escherichia coli and many other prokaryotes, 
the RecA protein is essential for homologous recombination and for 
a variety of SOS responses to DNA damage (12–20). In searching 
for a possible higher-plant recA gene we used a cyanobacterial recA 
as a probe and found homologous sequences in nuclear DNA from 
pea and Arabidopsis thaliana. With the same probe we have cloned 
an Arabidopsis thaliana cDNA that encodes a protein highly homol-
ogous to eubacterial RecA, except for a predicted chloroplast tran-
sit peptide at its amino terminus. The likely expressed protein was 
detected in chloroplast stromal extracts by crossreaction with poly-
clonal antibodies to E. coli RecA protein. 
Materials and Methods
Materials. Standard laboratory chemicals were purchased, unless 
otherwise noted, from Sigma. Purified RecA protein was obtained 
from United States Biochemical. Cellulysin and Macerase were from 
Calbiochem. Horseradish peroxidase-conjugated goat antibodies to 
rabbit IgG, and a chemiluminescent substrate, were from Amersham. 
Isolation of Stroma from Intact Chloroplasts and Immunode-
tection of a RecA Protein. Protoplasts were prepared from leaves 
of Arabidopsis or pea by digestion with 3% (wt/vol) Cellulysin and 
0.5% (wt/vol) Macerase. Intact chloroplasts were isolated by pas-
sage of washed protoplasts through a nylon mesh (10-μm pore size) 
for disruption, followed by centrifugation of the homogenate on dis-
continuous Percoll gradients (21). Chloroplasts were broken by os-
motic lysis and thylakoid membranes were removed by centrifuga-
tion. The supernatant was concentrated by acetone precipitation to 
give the chloroplast stromal fraction. Potential bacterial contamina-
tion was tested by plating aliquots of isolated protoplasts or chloro-
plasts on LB medium (22). Proteins from the different fractions were 
separated by SDS/polyacrylamide gel electrophoresis, transferred 
to nitrocellulose, and probed with two polyclonal rabbit antisera to 
RecA protein from E. coli strain K-12. Detection was by means of 
goat anti-rabbit IgG antibodies conjugated to horseradish peroxidase, 
and a chemiluminescent substrate. In some cases, the enzyme was in-
activated by incubation in 15% (wt/vol) H2O2 and the blot was rep-
robed with an antibody against the γ subunit of CF1. 
DNA Isolation and Probing with a Cyanobacterial recA Gene 
Fragment. Total DNA was isolated from Arabidopsis leaves by a 
miniprep procedure (R. L. Last, personal communication). Isopycnic 
CsCl centrifugation (22) was used for the purification of total DNA 
from pea leaves and of chloroplast DNAfrom intact pea chloroplasts. 
Standard procedures were used for digestion, electrophoretic separa-
tion, and transfer of the DNA to nylon membranes (22). The filters 
were probed with a 32P-labeled BstEII fragment comprising the 5’ 
half of the coding sequence (23). Prehybridization was at 70°C for 6 
hr and hybridization was at 60°C overnight (24). Filters were washed 
three times for 1.5 hr with 2× SSC/0.1% SDS (22) at room tempera-
ture, then three times in 0.2× SSC/0.1% SDS at 50°C for another 1.5 
hr. The membranes were exposed to Kodak XAR-5 film with an in-
tensifying screen. 
cDNA Cloning and Sequencing. A cDNA was isolated by 
screening ~300,000 members of an Arabidopsis library in the λYES 
vector (25), using as probe the Synechococcus recA gene (23). The 
bacteriophages were plated on an E. coli strain deleted for recA (JC 
10289, ref. 26). Standard procedures were used for library screening 
(22). After subcloning into pBluescript (Stratagene), nested deletions 
were generated and the DNA was sequenced on both strands by the 
dideoxy chain-termination method using T7 DNA polymerase (22). 
The sequences were analyzed with the Genetics Computer Group 
software package (27). 
Protoplast Treatments. Protoplasts (10 ml, 106 protoplasts per 
ml) in liquid LP* medium (28) were placed in 9-cm Petri dishes. Mi-
Published in Proceedings of the National Academy of Sciences USA  89 (September 1992), pp. 8068–8072. 
Copyright © 1992 by National Academy of Sciences. Used by permission. 
The sequence reported in this paper has been deposited in the GenBank data base (accession no. M98039).
Contributed April 24, 1992, by A. T. Jagendorf.
A Homolog of Escherichia coli RecA Protein in Plastids of Higher Plants
H. Cerutti,* M. Osman, P. Grandoni, and A. T. Jagendorf 
Plant Biology, Cornell University, Ithaca, NY 14853
* Present address: Department of Botany, Duke University, Durham, NC 27706.
8068
A Homolog of EschErichia coli RecA PRotein in PlAstids of HigHeR PlAnts  8069
tomycin C was added to the desired concentration, and protoplasts 
were incubated for 12 hr in the dark. Intact protoplasts were reiso-
lated by flotation, and proteins were extracted and analyzed by West-
ern blotting. 
Results
Detection of a Protein in Chloroplast Stroma That Is Immu-
nologically Related to E. coli RecA. An immunoblotting technique 
was used to detect Arabidopsis proteins related to RecA (Figure 1a). 
Nonimmune serum did not reveal any bands (data not shown). Two 
polyclonal antibodies raised against E. coli RecA crossreacted with 
three protoplast proteins. Two of them are soluble chloroplast pro-
teins detected in the stromal fraction (Figure la). The apparent mo-
lecular mass of the faster moving stromal protein is 40.5 kDa, almost 
identical with that of E. coli RecA (Figure 1a). Similar proteins were 
also identified in pea chloroplasts (Figure 1b). Consistent with the 
presence of RecA in chloroplasts, we detected DNA strand exchange, 
an essential activity of E. coli RecA (12, 14), in crude stromal ex-
tracts from pea (H.C. and A.T.J., unpublished work). 
Induction by DNA Damage. It has been argued that the primary 
biological role of recombination is the repair of DNA damage (29). 
Exposure of E. coli to DNA-damaging agents induces the SOS re-
sponse, resulting in derepression of ≈20 genes (including recA) (12–
20). The RecA protein is involved in multiple aspects of this re-
sponse: regulation of gene induction by promoting cleavage of the 
LexA repressor (13, 15, 19, 20), recombinational repair (13, 14, 19, 
20), SOS mutagenesis (13, 16, 19), DNA replication (13, 17), and 
duplication mutagenesis (13). In other organisms, genes involved 
in DNA repair/recombination are also induced in response to DNA 
damage (19, 30). 
To see whether DNA-damaging agents would affect expression of 
the proteins immunologically related to RecA, pea protoplasts were 
incubated with mitomycin C. Mitomycin C is a bifunctional alkylat-
ing agent that forms interstrand crosslinks (15, 31), presumably re-
quiring a recombinational pathway for repair (29). The treatments 
increased the steady-state level of the chloroplast crossreacting pro-
tein similar in molecular mass to RecA, suggesting its involvement 
in DNA repair/recombination (Figure 1b). The same blot was probed 
with an antibody against the γ subunit of the chloroplast ATP synthe-
tase as a control for the proper loading of the lanes (Figure ic). Fur-
ther details of the induction will be described elsewhere (H.C., H.-Z. 
Ibrahim, and A.T.J., unpublished work). 
Homologous DNA in Higher Plants. Blot hybridization of re-
striction enzyme-digested genomic DNA revealed sequences homol-
ogous to the Synechococcus recA gene (23) in pea and Arabidopsis 
(Figure 2). However, we were unable to detect any hybridization to 
purified chloroplast DNA (Figure 2) or mitochondrial DNA (data not 
shown). Homology to recA has not been found in the completely se-
quenced chloroplast genomes of tobacco (32), Marchantia (33), or 
rice (7). Moreover, induction of the stromal protein was prevented by 
protein synthesis inhibitors acting on cytosolic (80S) ribosomes, also 
suggesting a nuclear localization for this gene (data not shown). 
A recA Gene in Arabidopsis thalana. Using the Synechococ-
cus recA gene (23) as a probe, we screened an Arabidopsis cDNA 
library and cloned a gene showing extensive homology to eubacte-
rial recA. The cloned cDNA was sequenced by standard techniques. 
Polymerase chain reaction analysis showed that this was the longest 
cDNA in the library encoding the RecA protein (data not shown). 
Although the cDNA is truncated at its 5’ end (Figure 3a), it is long 
enough to reveal the features of the encoded protein. The amino ter-
minus shows no similarity to bacterial RecA sequences and is proba-
bly a chloroplast transit peptide (Figure 3b). Chloroplast transit pep-
tides are not highly homologous, except for a loosely conserved motif 
at the cleavage site for the stromal processing protease (35, 36). The 
deduced amino acid sequence contains a perfect match to this con-
sensus cleavage site (Figure 3a). When such a match is found, it is 
predicted to specify the correct cleavage site with 90% probability 
(35). The sequence upstream of the putative cleavage site is enriched 
for serine and threonine (29.5%) and is almost devoid of acidic res-
idues (2.0%). It also lacks predicted secondary structures except for 
two relatively small regions, one of them an amphiphilic β-strand 
next to the cleavage site (data not shown). These are typical features 
of chloroplast transit peptides (35-37) and strongly support that iden-
tity for the first 51 amino acids of the truncated sequence. 
Figure 1. Detection of proteins immunologically related to E. coli RecA in 
Arabidopsis thaliana. (a) Lane 1, protoplast fraction; lane 2, chloroplast frac-
tion; lane 3, chloroplast stromal fraction (half the amount of protein loaded in 
lanes 1 and 2); lane 4, purified E. coli RecA protein. (b) Mitomycin C induc-
tion in the steady-state level of the chloroplast protein similar to E. coli RecA. 
This protein is slightly smaller in pea (39 kDa) than in Arabidopsis. Pea pro-
toplasts were incubated for 12 hr in the presence of 0, 6, 15, or 30 μM mi-
tomycin C (lanes 1–4, respectively), before protein isolation. (c) The same 
blot shown in (b) was reprobed with antiserum to the γ subunit of the chloro-
plast ATP synthetase, a nuclear-encoded chloroplast protein similar in size to 
RecA. This protein was not induced by DNA damaging agents and served as 
a control for the proper loading of the lanes. 
Figure 2. Southern blot showing sequences related to Synechococcus recA in 
genomic DNA from Arabidopsis and pea. Lanes 1 and 2, total Arabidopsis 
DNA (1 μg); lane 3, total pea DNA (8 μg); lane 4, pea chloroplast DNA (1 μg). 
Restriction enzymes: H, HindIII; P, Pst I. Size markers are in kilobases (kb). 
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Figure 3. Nucleotide and deduced amino acid sequences of a cDNA encoding the A. thaliana RecA protein. (a) The truncated cDNA contains a continuous open 
reading frame starting at its 5’ end. The stop codon (star) is followed by sequences with 75–80% homology to elements implicated in efficient polyadenylylation 
of plant mRNAs (34) (dotted lines). The amino acid sequence contains a putative chioroplast transit peptide (underlined residues) with a perfect consensus cleav-
age site (35) (box). Amino acids are numbered from the predicted start of the mature protein (arrow). (b) Comparison of the amino acid sequences of Arabidop-
sis RecA and several eubacterial homologs. Numbering of residues starts at the predicted cleavage site (arrow) for the chloroplast transit peptide in the Arabidop-
sis sequence. Invariant amino acids (row labeled Con) were determined by the alignment of 22 sequences (14, 23) (GenBank release 69 and this work) and are 
indicated by shaded areas. Dashes represent gaps introduced to optimize alignments. Dots indicate residues conserved with respect to the Arabidopsis sequence. 
Postulated functional domains in E. coli RecA (12) are shown below the sequence. Potential caveats on these assignments have been discussed (12, 14). At, A. 
thaliana; Ssp, Synechococcus sp.; Av, Anabaena variabilis; Bf, Bacteroides fragilis; Bs, Bacillus subtilis; Am, Aquaspirillum magnetotacticum; Ng, Neisseria 
gonorrhoeae; Mf, Methylobacillus flagellatum; Bp, Bordetella pertussis; Pc, Pseudomonas cepacia; Ec, E. coli. 
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The mature protein is predicted to be 387 amino acids long (Fig-
ure 3a), with a calculated molecular mass of 41.8 kDa. This is close 
to the apparent molecular mass of the faster moving protein identi-
fied in the chloroplast stromal fraction (Figure 1a). The amino acid 
sequence shows 60.7% overall identity with the Synechococcus pro-
tein and 52–57% identity with 20 other prokaryotic RecA proteins, 
10 of which are shown in Figure 3b. The amino and carboxyl ter-
mini are poorly conserved (Figure 3b), although they may have func-
tional significance (12, 14). Interestingly, the carboxyl end is en-
riched for acidic residues in almost all species analyzed (Figure 3b). 
Although this sequence is more divergent than any of the eubacte-
rial RecA proteins found to date, predicted functional domains of 
the E. coli protein (12, 14, 16, 18) are largely conserved (Figure 3b). 
Amino acids known to cause recombination deficiency when altered 
in E. coli RecA (12, 14, 16, 18) are invariant in the Arabidopsis se-
quence. However, residues affecting preferentially co-protease activ-
ity (12, 14, 16, 18) and/or causing hyper-recombinogenic phenotypes 
(12, 14) are not so well conserved in the Arabidopsis gene. Since this 
gene is now located in the nucleus of a eukaryote, it is tempting to 
speculate that it has acquired a different regulatory system and it is 
able to evolve independently of LexA. 
The plastid genome encodes only a small proportion of the pro-
teins needed for functional chloroplasts (7, 32, 33), and it is thought 
that most genes have been transferred to the nucleus during evolu-
tion (11, 38). The base composition and codon usage of these trans-
ferred genes have adjusted to reflect their nuclear localization (38). It 
has been hypothesized that codon usage is genome-specific and pro-
vides a basis for species classification comparable to classical sys-
tematics (39). We applied several methods used to compare nonho-
mologous sequences (38–40), to determine the degree of similarity 
between the sequenced cDNA and several other Arabidopsis nuclear 
genes encoding chloroplast proteins. The dinucleotide frequency and 
base composition (TA/AT ratio, and %G + %C) were not signifi-
cantly different between the genes examined (analyses not shown). 
However in codon usage distance and the arginine coding ratio, the 
cloned sequence was indistinguishable from the Arabidopsis genes 
and clearly different from several eubacterial recA genes (Table 1). 
These data suggest that the Arabidopsis recA gene has adjusted to re-
flect its localization in the nuclear genome, clearly diverging from 
even the more closely related cyanobacterial homologs. 
Discussion
Chloroplast DNA recombination has been studied extensively, 
particularly in Chlamydomonas, by genetic analysis (3, 4). There has 
also been much work suggesting the involvement of certain sequence 
elements in plastid DNA recombination (4, 6, 7). However, very lit-
tle is known at the enzymatic level. Our finding of a plastid-localized 
RecA homolog provides biochemical evidence for a chloroplast re-
combination system and strongly supports its relationship to the eu-
bacterial counterpart. To our knowledge, this is also the first observa-
tion of a recA homolog in a eukaryote. While recombination/repair 
enzymes have been identified in various other eukaryotes (42–46), 
they have structures and enzymatic characteristics that differ from 
those of the bacterial RecA protein. 
In view of the known roles for RecA in E. coli, and induction of 
the pea enzyme by DNA damage, it is likely that the chloroplast en-
zyme is also concerned with DNA repair. We have not yet deter-
mined whether the Arabidopsis gene can complement a recA-defi-
cient strain of E. coli. However, by using a complementation assay, 
Pang et al. (47) isolated a gene from the same Arabidopsis cDNA li-
brary, and found that it could increase the survival of a mutant (phr–
, uvrB–, recA–) E. coli strain exposed to UV light. Its DNA sequence 
is quite different from the one isolated by hybridization with a recA 
probe, however. In view of the complex pathways forDNA repair in 
bacteria (18, 19, 20, 48), it is likely that a number of proteins will be 
needed to interact with RecA in chloroplasts as well. Further work is 
needed to define fully the enzymology of DNA repair and recombi-
nation in chloroplasts. 
We thank J. W. Roberts for antibodies against E. coli RecA, D. A. 
Bryant for the Synechococcus recA clone, J. T. Mulligan for the Ara-
bidopsis cDNA library, and R. L. Last for helpful advice. H.C. was 
supported by a predoctoral fellowship and P.G. by a postdoctoral fel-
lowship from the Cornell National Science Foundation Plant Science 
Center. M.O. was supported by a fellowship from the Afgrad Foun-
dation. This work was supported in part by a Hatch grant to A.T.J. 
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